Abstract Little information is available on peripheral levels of Hsp72, Hsp60, and anti-Hsp60 antibodies in patients with left ventricular (LV) dysfunction due to non-atherosclerotic cardiac disease. In this study, serum Hsp72, Hsp60 and anti-Hsp60 antibodies, IL-6, and C-reactive protein (CRP) were measured in 44 healthy controls and in 82 patients with angiographically normal coronary arteries (LV ejection fraction [EF] Ն 50%, n ϭ 22; Ն35% to Ͻ50%, n ϭ 32; Ͻ35%, n ϭ 28). Patients with more severe disease (more depressed myocardial blood flow at rest and during dipyridamole, indicative of coronary microvascular impairment) showed more elevated circulating Hsp60 and auto-antibodies, Hsp72, and CRP levels. IL-6 was increased progressively as a function of severity of LV dysfunction. Anti-Hsp60 antibodies, Hsp72, and IL-6 were significantly correlated with brain natriuretic peptide (BNP) levels and LV end-diastolic dimensions (LVEDD) values. IL-6 tended to be related with Hsp72 in particular in patients with more severe disease (r ϭ 0.45, P ϭ 0.021). Hsp60 and Hsp72 activation and inflammatory markers were correlated with the extent of cardiac and microvascular dysfunction in patients with angiographycally normal coronary arteries. These results suggest a pathogenic role of infective-metabolic insult and inflammatory reaction in the development of vascular and myocardial damage in patients with heart failure even in the absence of overt coronary artery disease.
INTRODUCTION
Heat shock proteins (Hsp) are a family of intracellular proteins with well-known cytoprotective functions (Morimoto 1993) . They are considered as molecular chaperones essential for cell survival both in physiological and stress conditions (Hightower 1991; Hartl 1996) . However, although they are evidence of cellular insult, they contribute at the same time to the inflammatory reaction. In fact, following stress, Hsps can be presented on the cell surface or released to the surroundings, thereby activat-ing the immune system (Srivastava 2002) and mediating the production of proinflammatory cytokines (Asea et al 2000) .
Hsps of the 60-kD family and the stress-inducible Hsp72 of the 70-kD family recently have been linked to the atherosclerotic process (Xu 2002) and to ischemic myocardial damage (Dybdahl et al 2005) . In particular, Hsp60 is expressed on the endothelial cell surface and in the myocyte in response to biochemical and/or infective insults (Knowlton et al 1998; Kanwar et al 2001; Xu 2002) . It is thought to participate in inflammatory processes causing early atherogenesis and destabilization of the atherosclerotic plaque (Xu 2002; Mandal et al 2004) by activation of the autoimmune response. Both vascular and myocardial expressed Hsp60 also may elicit an autoimmune reaction able to cause further vascular and myocardial damage. On the other hand, Hsp72 is an inducible myocyte protein that has a specific role in myocardial protection from ''chronic'' ischemia (Martin et al 1997; Knowlton et al 1998; Biasucci et al 2003) . It is expressed in the myocyte in response to brief periods of ischemia or mechanical stretch (Knowlton et al 1991a (Knowlton et al , 1991b and participates in myocardial adaptive processes to chronic or repetitive ischemia known as ''hibernation'' (viable but dysfunctional myocardium) (Fallavollita et al 1999; Depré et al 2004) . Thus, high levels of circulating Hsp60 and high titers of anti-Hsp60 auto-antibodies have been reported in patients with acute or chronic coronary artery disease (Portig et al 1997; Latif et al 1999; Xu 2002; Biasucci et al 2003; Genth-Zotz et al 2004) and high tissue levels of Hsp72 have been documented in myocardial hibernation (Depré et al 2004) .
Little is known about the possible involvement of the Hsp60 and Hsp72 systems in ventricular dysfunction associated with non-atherosclerotic cardiac diseases. It has been reported that in response to a metabolic/infective insult Hsps may mediate coronary endothelial dysfunction and produce microvascular damage (Kuhl et al 2005; Sampietro et al 2005) . Coronary microvascular impairment is a common feature in patients with idiopathic left ventricular dysfunction and may contribute to myocardial damage (Van den Heuvel et al 2000; . This mechanism may in turn elicit myocardial Hsps and an inflammatory response in these patients (Depré et al 2004) .
We thus hypothesized that Hsps could be increased, in association with systemic markers of inflammation, in patients with idiopathic left ventricular dysfunction, a clinical model that, by definition, excludes the presence of coronary artery disease. To test this hypothesis we evaluated Hsp60, Hsp72, anti-Hsp60 auto-antibodies, and inflammatory markers in the peripheral circulation of selected patients with normal coronary angiography, variable severity of ventricular dysfunction and, in a subgroup, characterization of coronary microvascular function by positron emission tomography (PET).
METHODS

Patients
Among 597 patients admitted to the cardiological ward of the Consiglio Nazionale delle Ricerche (CNR) Institute of Clinical Physiology from June 2001 to June 2005 and angiographically documented normal coronary arteries, we enrolled 60 consecutive patients (age 59 Ϯ 12 years) with idiopathic LV systolic dysfunction. All patients had come to medical attention because of dyspnea on effort, ventricular arrhythmias, chest pain, and/or conduction disturbances, with evidence of regional or global LV dysfunction at 2-dimensional-(2D) echocardiographic evaluation leading to coronary angiography. Inclusion criteria were: (1) LV ejection fraction (EF) Ͻ50% at 2-D echocardiography; (2) functional New York Heart Association (NYHA) class I-III; (3) angiographically normal coronary arteries; (4) exclusion of vasospastic angina, congenital, or valvular heart disease, hypertrophic cardiomyopathy, myocarditis, pericarditis, lung disease, and primary thyroid disease; (5) presence of sinus rhythm; (6) exclusion of alcohol abuse or other systemic diseases.
Patients were subdivided into 2 groups according to the presence of mild (LVEF Ն35% to Ͻ50%, 32 patients, group I) or moderate-severe (LVEF Ͻ35%, 28 patients, group II) LV systolic dysfunction. Twenty-two additional patients (age 51 Ϯ 12 years) submitted to coronary angiography because of the same clinical presentation but with normal LV systolic function at 2D echo evaluation and normal coronary angiography, also were enrolled (group N).
A local ethics review committee approved the study, and the investigation conformed to the principles outlined in the Declaration of Helsinki.
All patients gave their written informed consent to be involved in the PET study.
LV function, coronary microvascular, and biohumoral profiles LVEF, LV end-diastolic dimensions (LVEDD, mm), and LV mass index were obtained by 2D-echocardiographic evaluation according to international standards (Lang et al 2005) . In 38 patients coronary microvascular function also was assessed by rest/stress PET myocardial blood flow (MBF) study. Absolute MBF was measured, using 13 NAmmonia as a flow tracer, at rest and during i.v. dipyridamole (0.56 mg/Kg in 4 min) or adenosine (140 g/ Kg/min for 6 min). Coronary resistance was computed in each condition as the ratio of mean aortic pressure over MBF value. Coronary reserves of flow and resistance were obtained as the ratio of stress/rest MBF or rest/stress resistance, respectively. Both the PET protocol and the data analysis have been described elsewhere (Neglia et al 1995) . Brain natriuretic peptide (BNP) was obtained with 2-site immunoradiometric assays ([IRMA]; Shionogi, Osaka, Japan), as previously described (Del Ry et al 2000) . Lipid, glucose, and insulin profiles were obtained by standard measurements.
Hsps and inflammatory profile
To determine heat shock proteins levels, auto-antibodies, and inflammatory markers, blood samples were with-drawn in all patients at 8 AM following an overnight fast. Blood samples also were obtained in the same conditions in 44 age-matched healthy subjects (group C) included as control group for these measurements. All healthy subjects were not obese, had normal arterial blood pressure, and were free from acute disease, as determined by an interview with a clinician. All of them had normal values for the main plasma parameters and normal leukocyte count. Furthermore, they denied the use of any drug during the 4 weeks before the study.
Serum samples were used for determination of Hsps, auto-antibody anti-Hsps, and C-reactive protein (CRP). For the cytokine assay, blood samples were collected into ice-chilled polypropylene tubes in the presence of ethylenediamine-tetraacetic acid ([EDTA] 1 mg/mL) in an ice bath and the plasma was prepared within 1 hour of the withdrawal, by centrifugation at 1500 ϫ g at ϩ4ЊC and stored frozen at Ϫ80ЊC until assay.
Hsp60 and Hsp72 were measured by commercially available specific enzyme-linked immunosorbent assay (ELISA) methods (StressGen Biotechnologies, Victoria, British Columbia, Canada). The lower detection limit was 1.3 Ϯ 0.14 and 0.33 Ϯ 0.07 ng/mL for Hsp60 and Hsp72, respectively. In our conditions, the working range (analyte determination with an imprecision less than 10%) resulted 10-100 ng/mL and 1-25 ng/mL, for Hsp60 and Hsp72, respectively, as evaluated by the imprecision profile determined for each dose-response curve (Pilo et al 1982) .
Similarly, anti-Hsp60 auto-antibody levels in serum samples were determined by a commercially available ELISA kit (StressGen Biotechnologies). This method allows us to determine the concentration instead of the titer of anti-Hsp60 auto-antibodies in human serum. The working range resulted 11-250 ng/mL and sensitivity was 2.0 Ϯ 0.20 ng/mL, mean Ϯ standard error of mean (SEM); the between-and the within-assay variability were 18.7 Ϯ 0.46 (7.3%, n ϭ 9) and 18.3 Ϯ 0.20 g/mL (2.2%), respectively. A parallelism of the response from 1 to 0.05 L of serum and a quantitative recovery of the anti-Hsp60 antibody standard preparation added to a 1: 500 diluted sample ruled out any matrix effect. Usually 1:500 dilution of unknown samples was suitable for the assay.
Plasma level of IL-6 was measured by a high-sensitivity ELISA technique (Diaclone Research, Besancon, France). Sensitivity level was 0.33 Ϯ 0.04 pg/mL; the working range was 2.2-50 pg/mL; between-assay variability resulted 23.5 Ϯ 0.48 pg/mL (CV% 8.5, n ϭ 17) and 0.50 Ϯ 0.06 pg/mL (31.6%, n ϭ 6).
C-reactive protein (CRP) was measured in human serum by a high-sensitivity ELISA method (Diagnostics Biochem Canada Inc, London, ON, Canada); lower detection limit was about 0.001 mg/dL and the working range 0.005-1.0 mg/dL.
Statistical analysis
All the results are reported as mean Ϯ SEM. All the values of sample concentration and the quality control of the immunometric assays of Hsp60, Hsp72, and anti-Hsp60 antibodies, as well as of IL-6 and CRP, were calculated by using a 4-parameter logistic function to interpolate dose-response curve (Pilo et al 1982) .
For multiple comparisons, analysis of variance (ANO-VA) followed by Fisher's test was used for continous variables after a logarithmic transformation of the original variables not normally distributed. The frequency of events was compared by Chi-square test for parametric variables. Simple regression analysis was performed to correlate different variables. A P value Ͻ0.05 was considered significant.
RESULTS
Clinical, functional, microvascular, and metabolic profiles
Clinical, functional, and microvascular data are represented in Table 1 and compared among the 3 groups of patients with normal or moderately or severely depressed LV function (groups N, I, and II, respectively). Patients in group II were older, had significantly higher BNP values, larger ventricle, and lower systemic pressure values. Although all patient groups showed abnormal values of MBF, as compared with previously published values in normals , patients in group II had a more severe depression of coronary microvascular function than the other groups, as expressed by significantly higher coronary resistance during dipyridamol and lower coronary resistance reserve.
The 3 groups did not show any significant difference in risk factors as shown in Table 2 . They differed for treatment regimens as follows: ace-inhibitors were assumed by 64%, 97%, and 93% of patients in groups N, I, and II, respectively (P ϭ 0.001); beta-blockers in 32%, 56%, and 75% (P ϭ 0.0094); digitalis in 23%, 25%, and 50%; diuretics in 36%, 59%, and 89%; and amiodarone in 18% of all patients.
Hsps, inflammatory profile, and LV function
Data obtained in healthy controls (group C) and in patients of groups N, I, and II are shown in Table 3 .
Anti-Hsp60 antibodies and Hsp60 protein concentration were significantly elevated only in patients with more severe LV dysfunction (group II). However, Hsp60 protein frequently was undetectable (in 72% of all subjects) and, interestingly, was more undetectable in patients with LV dysfunction (90% in group I and 80% in group II) than in patients of group N (68%) and in healthy controls (58%) (P ϭ 0.0161). Hsp72 protein concentration was significantly elevated in patients with more severe disease (group II) and only slightly elevated in the other groups of patients as compared with controls (Fig 1) .
Patients in all groups showed a systemic activation of the cytokine system as documented by significantly elevated values of IL-6, as compared with healthy controls. Among patients, IL-6 progressively increased with the severity of LV dysfunction (Fig 1) . At variance with IL-6, CRP was significantly increased only in group II patients.
In the whole patient population there was a significant direct correlation of Hsp72, anti-Hsp60 autoantibodies, and IL-6 with BNP levels (Fig 2) or LVEDD values (Fig  3) . Moreover, IL-6 tended to be related to Hsp72 (r ϭ 0.24, P ϭ 0.056), particularly in patients with more severe disease (group II, r ϭ 0.45, Pϭ 0.021). When patients were subdivided according to NYHA functional classes, all the parameters previously described, but not CRP, tended to be related to symptoms of heart failure reproducing the same pattern described for LV function (Fig 4) .
Hsps, inflammatory profile, and coronary microvascular function
In the subgroup of 34 patients who had undergone PET study, Hsp and inflammatory profiles were analyzed according to the extent of coronary microvascular dysfunction as expressed by minimal coronary resistance during dipyridamole (Fig 5) . Patients with dipyridamole resistance higher than the median value in the patients' population (High R) had significantly higher Hsp72 protein expression and tended to show higher Hsp60 protein, anti-Hsp60 auto-antibodies, and IL-6 levels than patients with lower dipiridamole coronary resistance (Low R). Patients with more or less severe coronary microvascular function differed for LV functional parameters, as expected, and did not differ for any other clinical and metabolic variable (Table 4) . CRP values were similar in the 2 groups of patients. Dipyridamole coronary resistance was correlated inversely with Hsp72 protein levels (r ϭ Ϫ0.388; P ϭ 0.034) but with no other Hsps or inflammatory parameter.
DISCUSSION
The present data demonstrate that, in patients with idiopathic LV dysfunction, the Hsp60 and 70 systems are activated. Circulating Hsp60 protein and, in particular, the related auto-antibodies, as well as Hsp70 protein are particularly elevated in patients with more severe disease who show both more pronounced LV dysfunction and more evident coronary microvascular impairment. Because the activation of these Hsp systems appears related both with biomarkers of systemic inflammation (in particular cytokine levels) and the extent of cardiac and microvascular dysfunction, it might be speculated that, as in coronary artery disease, Hsps constitute a link between an infective-metabolic insult, the consequent inflammatory reaction, and the microvascular and myocardial damage.
Relationships between Hsp60-70 activation, endothelial/vascular dysfunction, and myocardial damage in ischemic heart disease
The constitutively expressed Hsps of the 60-kD family recently have been associated with the pathogenesis of ischemic heart disease (Xu 2002; Dybdahl et al 2005) . In response to an infective or metabolic insult, members of the Hsp60 family may act as auto-antigens, inducing vascular inflammatory responses and hence contributing to acute and chronic dysfunction of the endothelium with development or destabilization of coronary atherosclerosis (Xu 2002; Mandal et al 2004) . Moreover, Hsp60, a constitutive myocyte protein with cytoprotective functions, is increased in the myocardium of patients with heart failure secondary to ischemic heart disease (Knowlton et al 1998) . Accordingly, it is not surprising that high levels of Hsp60 and high titers of anti-Hsp60 auto-antibodies have been demonstrated in blood samples from patients with acute coronary syndromes and with chronic heart , group I (LVEF Ն35% to Ͻ50%), and group II (LVEF Ͻ35%). Hsp72: (**)P Ͻ 0.001 group II vs group C; (*)P Ͻ 0.05 group I vs group C. IL-6: (**)P Ͻ 0.001 group II and group I vs group C; P Ͻ 0.001 group II vs group N; P Ͻ 0.005 group II vs group I; (*)P Ͻ 0.05 group N vs group C. CRP: (*)P Ͻ 0.05 Group II vs Group C.
Fig 2.
Correlation of Hsp72, anti-Hsp60 auto-antibodies and IL-6 with brain natriuretic peptide (BNP) levels in the whole population of patients: group C (healthy controls), group N (left ventricular ejection fraction [LVEF] Ն50%), group I (LVEF Ն35% to Ͻ50%) and group II (LVEF Ͻ35%).
failure of atherosclerotic origin (Xu 2002; Biasucci et al 2003) .
In patients with heart failure due to ischemic or idiopathic LV dysfunction (Genth-Zotz et al 2004) , as well as in patients with unstable angina or after acute myocardial infarction (Dybdahl et al 2005 , Valen et al 2000 , increased levels of circulating Hsp72 have been documented. In particular, different experimental studies have demonstrated that Hsp72 is expressed rapidly in the myocardium in response to brief periods of ischemia and mechanical stretch (Knowlton et al 1991a (Knowlton et al , 1991b and is a relevant part of the myocardial adaptive processes to chronic or repetitive ischemia known as myocardial hibernation (Fallavollita et al 1999; Depré et al 2004) . It is believed that Hsp72 exerts a protective effect against ischemia (Mestril et al 1994; Martin et al 1997) , but also a Hsp72, IL-6, Hsp60, and antiHsp60 auto-antibodies in patients with minimal coronary resistance, respectively, higher (High R) and lower (Low R) than the median value in the patient population. Patients with more severely impaired coronary microvascular function (High R) had significantly increased circulating Hsp72 protein and IL-6 levels.
proinflammatory effect by inducing IL-6 production (Asea et al 2000; Campisi et al 2003) .
Hsp60-70 activation and idiopathic LV dysfunction
Few data are available on circulating levels of Hsps and their related auto-antibodies in non-atherosclerotic cardiac diseases. Previous clinical reports (Portig et al 1997; Latif et al 1999) mainly refer to populations of patients with mixed etiology, prevalently of ischemic origin, and advanced heart failure where many different systems, including Hsps, are known to be secondarily activated. None of previous studies was able to document a direct relationship between circulating levels of Hsps or related antibodies from one site and inflammatory markers or indexes of LV dysfunction from the other, specifically in patients with idiopathic LV dysfunction with or without overt heart failure. In patients with idiopathic LV dysfunction, a frequent impairment of coronary microvascular function has been documented, even before the occurrence of heart failure, likely due to endothelial damage possibly causing repetitive and chronic myocardial ischemia ( Van den Heuvel et al 2000; . We hypothesized that, similarly to patients with ischemic heart disease, patients with non-atherosclerotic LV impairment and coronary microvascular dysfunction also could show an early activation of the Hsp60 and Hsp70 systems as part of the disease process.
The results of the present study confirm the hypothesis. We carefully selected a population of patients without coronary artery disease, with different degrees of idiopathic LV dysfunction and, in the large majority, with mild heart failure symptoms (NYHA I-II in 83% of the population). Anti-Hsp60 antibodies were elevated abnormally in these patients, in particular in those with more severe dysfunction, without correlation either with inflammatory markers or with microvascular function. Hsp60 was more frequently undetectable in patients as compared with controls (possibly due to the binding with the specific auto-antibodies) and, when detectable, it reached very high levels in patients with severe dysfunction. Whether the activation of Hsp60 and anti-Hsp60 auto-antibodies could depend on a previous or recurrent bacterial-viral infection and could be involved in the generation of myocardial damage in these patients cannot be stated from the present study. As a matter of fact, a similar increase of anti-chlamydial pneumoniae-Hsp60 autoantibodies has been demonstrated in acute coronary syndromes persisting to some extent later on, but also in these case no correlation with inflammatory markers has been reported (Biasucci et al 2003) . It is suggestive that Hsp60 system activation could be linked to vascular endothelial activation both in patients with or without coronary artery disease.
A relevant result of the present study was the clear demonstration of increased circulating levels of Hsp72 in patients with idiopathic LV dysfunction. Hsp72 was related with the degree of LV dysfunction, with IL-6 levels and with the degree of coronary microvascular impairment. No such relationship had been described previously in heart failure, probably due to the confounding effects of systemic neurohumoral activation in advanced disease and to mixed etiology of cardiac damage. We hypothesize that Hsp72 might be expressed in the myocardium of patients with idiopathic LV dysfunction in response to myocardial ''microvascular'' ischemia and might induce overexpression of cytokines, therefore mediating a secondary inflammatory damage. As a matter of fact, high levels of Hsp72 were documented in the myocardium of patients with dilated cardiomyopathy (Knowlton et al 1998) as well as in experimental models of progressive ischemic LV dysfunction (Fallavollita et al 1999) . High levels of Hsp72 also induce expression of IL-6 (Asea et al 2000) . In our study, activation of Hsp systems and cytokines were also proportional to the severity of heart failure as indicated by the NYHA class. Possibly due to the prevalence of patients with no or mild heart failure, there was no relationship between Hsps and aspecific markers of neurohumoral activation such as norepinephrine levels, plasma renin activity, or aldosterone (data not shown). Conversely, a significant relationship was found with BNP levels, which more directly reflects LV myocardial impairment.
Hsp60, anti-Hsp60 auto-antibodies, and Hsp72 levels were not correlated with CRP levels otherwise increased in this population as compared with controls. CRP levels were related with IL-6 but not with LV or microvascular dysfunction. These data most likely express a systemic activation of inflammatory mechanisms in patients with LV dysfunction. However, although the Hsp and cytokine systems are known to be related reciprocally in the response of vascular and myocardial tissues to stress, CRP levels are influenced by many factors and show higher interindividual variations.
CONCLUSION
In patients with idiopathic LV dysfunction Hsp60 and Hsp70 systems appear to be activated systemically as they are in patients with coronary artery disease and ischemic LV dysfunction. Because the particular population of this study did not show the systemic derangement characteristic of advanced heart failure, the Hsp activation most probably reflect early pathophysiologic mechanisms involving microvascular and myocardial dysfunctions. The increasing attention to the role of impaired coronary microcirculation and subclinical atherosclerosis in causing adverse prognosis and progressive LV dysfunction stresses the importance of detecting systemic markers of early vascular and myocardial damage, which also could be responsive to aggressive pharmacological treatment. Hsp72, anti-Hsp60 auto-antibodies, and IL-6 in association with signs of LV dysfunction and/or increased BNP levels might constitute a biohumoral alert of an ongoing vascular-myocardial damage process to be actively and aggressively treated.
